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Background & objectives: To support recent political commitments to end tuberculosis (TB) in the 
World Health Organization South-East Asian Region (SEAR), there is a need to understand by what 
measures, and with what investment, these goals could be reached. These questions were addressed by 
using mathematical models of TB transmission by doing the analysis on a country-by-country basis in 
SEAR.
Methods: A dynamical model of TB transmission was developed, in consultation with each of the 11 
countries in the SEAR. Three intervention scenarios were examined: (i) strengthening basic TB 
services (including private sector engagement), (ii) accelerating TB case-finding and notification, and 
(iii) deployment of a prognostic biomarker test by 2025, to guide mass preventive therapy of latent TB 
infection. Each scenario was built on the preceding ones, in successive combination.
Results: Comprehensive improvements in basic TB services by 2020, in combination with accelerated 
case-finding to increase TB detection by at least two-fold by 2020, could lead to a reduction in TB 
incidence rates in SEAR by 67.3 per cent [95% credible intervals (CrI) 65.3-69.8] and TB deaths by 
80.9 per cent (95% CrI 77.9-84.7) in 2035, relative to 2015. These interventions alone would require an 
additional investment of at least US$ 25 billion. However, their combined effect is insufficient to reach the 
end TB targets of 80 per cent by 2030 and 90 per cent by 2035. Model projections show how additionally, 
deployment of a biomarker test by 2025 could end TB in the region by 2035. Targeting specific risk 
groups, such as slum dwellers, could mitigate the coverage needed in the general population, to end TB 
in the Region.
Interpretation & conclusions: While the scale-up of currently available strategies may play an important 
role in averting TB cases and deaths in the Region, there will ultimately be a need for novel, mass 
preventive measures, to meet the end TB goals. Achieving these impacts will require a substantial 
escalation in funding for TB control in the Region.
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The World Health Organization (WHO) 
South-East Asian Region (SEAR) bears a 
disproportionate burden of tuberculosis (TB). In 
2015, the 11 countries of this Region accounted for 
25 per cent of the world’s population but 40 per cent 
of global TB deaths, the highest of any of the WHO 
regions1. The Region includes India and Indonesia, 
two countries with high absolute numbers of TB cases, 
that together account for an estimated 37 per cent of 
global TB incidence1,2. Overall, therefore, progress in 
global TB control depends critically on the success of 
TB control in SEAR.

All countries in SEAR have adopted the end TB 
strategy, which sets ambitious targets for ending TB 
by 20353. Despite such broad political commitment, 
however, countries in the Region are faced with 
a range of challenges stemming from human and 
financial resource constraints and compounded by 
sociodemographic problems4-6. Many countries in the 
Region have a sizeable health sector outside the national 
TB programmes (NTPs) that often fails to notify TB 
cases to public health authorities7-11. Early detection 
of TB is additionally complicated by stigma, lack of 
awareness and underinvestment12,13. Drug-resistant-TB 
(DR-TB) is becoming an increasing concern14,15, 
while some countries also have a high burden of HIV 
co-infection. As a result of these and other challenges, 
TB incidence in the Region continues to decline at an 
estimated rate of only 1-2 per cent per year1.

These circumstances raise important questions: 
how does the Region translate political commitment 
into interventions that lead towards ending TB? It 
is clear that current interventions (private sector 
engagement and accelerated case-finding, among other 
measures) will need to be taken to far larger scales than 
current levels, and that innovative interventions need to 
be developed and scaled up, with a focus on intensified 
case-finding. There is a need to estimate the levels 
of implementation, coverage and funding required to 
meet the end TB goals in the Region.

Here, we addressed these questions using 
mathematical models of TB transmission. Such models 
offer a helpful framework for capturing the dynamics 
of TB transmission, as well as the complexity of 
healthcare systems characteristic of many countries 
in the Region16-18. The analysis was conducted on a 
country-by-country basis. Input was gathered from 
each of the NTPs through WHO country offices in 
the Region and published literature on indicators, 
assumptions and intervention scenarios used in the 

model. As a guide to the resources needed, a costing 
exercise, fully integrated with the transmission model 
was additionally conducted.

Material & Methods

Fig. 1 shows the overall model structure. The model 
explicitly captures the national TB programme (NTP) 
and non-NTP sectors, and the respective standard of 
TB care in these sectors. In doing so, the model also 
captures the implications of diagnostic delays and 
treatment outcomes, for overall transmission. For 
simplicity, the model does not distinguish age groups 
and is nationally aggregated. However, it incorporates 
HIV/TB co-infection, as well as ‘risk groups’ bearing 
a disproportionate TB burden, and the generation 
and transmission of drug-resistant TB (DR-TB). Key 
structural elements were as follows:

Among people having latent TB infection, 
‘incipient TB’ cases are distinguished as those 
who would develop active TB disease within the 
next two years19. It is assumed that after patients 
develop active disease, they undergo an initial delay 
before first presenting for care (for example, as their 
symptoms develop in intensity) - often referred to as 
the ‘patient delay’. This delay was estimated, together 
with the infectiousness per case, to country-specific 
epidemiological data (Supplementary files available 
from http://www.ijmr.org.in/articles/2019/149/4/
images/IndianJMedRes_2019_149_4_517_262877_
sm6.pdf). It is to be noted that, because patients in 
this compartment have not yet visited a provider, 
they can only be reached through active/community-
based case-finding strategies. In addition, any delay in 
diagnosis and initiation of treatment are captured in the 
‘diagnostic delay’ in this model (also called ‘provider 
delay’).

On seeking care, it is assumed that a proportion 
p of patients visit the NTP, while the remainder seek 
care in the non-NTP sector: the latter broadly including 
pharmacies and traditional healers, as well as physicians 
and hospitals that are not involved with NTP. These 
‘non-NTP’ providers generally have a lower standard 
of TB care than the NTP (substandard diagnosis as 
well as a general lack of treatment adherence) as well 
as not reporting TB cases to the programme7,8,10,20. 
This difference was captured as a lower probability of 
TB diagnosis per patient visit, and a lower treatment 
completion rate, among non-NTP than among NTP 
providers. With limited systematic evidence to inform 
these parameters quantitatively, a range of values 
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was assumed (Supplementary Table II available from 
http://www.ijmr.org.in/articles/2019/149/4/images/
IndianJMedRes_2019_149_4_517_262877_sm7.
pdf). To allow for exceptions such as Thailand, where 
non-NTP and NTP providers generally offer a similar 
quality of care, the same parameters were assumed for 
both. The proportion of patients approaching ‘non-
NTP’ providers (p) is adjusted country-wise in such 
a way that simulated treatment initiations in the NTP 
agree with reported notifications from the public sector.

The model is constructed so that any patients 
missed from the TB care cascade (because of 
failed diagnosis, initial or subsequent default) enter 
the compartment B, representing those who have 
temporarily dropped out of careseeking. These patients 
are still infectious: they remain for an average of one 
month before seeking care, again with a probability p 
of choosing the NTP sector. Quantities governing the 
TB care cascade in the NTP and non-NTP sectors are 
shown in the Supplementary Table II (available from 
http://www.ijmr.org.in/articles/2019/149/4/images/
IndianJMedRes_2019_149_4_517_262877_sm7.pdf).

The model captures the acquisition and 
transmission of drug resistance to first-line therapy: 
rifampicin-resistant and multi-drug-resistant 

TB (MDR-TB) were collectively referred to as 
‘drug-resistant’ (DR)-TB, requiring second-line 
TB treatment. Laboratory-based drug susceptibility 
testing (e.g. through molecular tests or culture) is not 
universally available in the countries of the Region, 
and therefore, not routinely conducted. It was assumed 
that only a proportion g of cases identified in the 
public sector are subject to drug susceptibility testing: 
the value was calibrated to yield reported DR-TB 
notifications from the programme. Those not identified 
as DR-TB were assumed to undergo first-line treatment, 
and to remain infectious with DR-TB during this time: 
upon failing first-line treatment, a certain proportion 
were switched to second-line therapy.

We did not explicitly model the dynamics of HIV: 
instead, it was assumed that a time-dependent proportion 
h of new TB cases were HIV coinfected, drawing the 
value of h from WHO estimates. Individuals with 
HIV/TB infection have an elevated risk of developing 
active disease, with parameter values informed by 
the literature (Supplementary Table II available from 
http://www.ijmr.org.in/articles/2019/149/4/images/
IndianJMedRes_2019_149_4_517_262877_sm7.pdf). It 
was assumed that HIV-positive patients undergoing ART 
had the same risk of developing active disease, as HIV-
negative TB infections.

Fig. 1. Illustration of the basic model structure, replicated by HIV, drug resistance and risk-group status. Compartments in red denote states 
that are infectious. The NTP (national TB programme) (left-hand side) sector is distinguished from the non-NTP sector (right-hand side). 
Among latent infection, it is assumed that those who are most at risk of developing disease within the next two years are detectable using a 
hypothetical, future diagnostic test. Not shown on this figure for clarity, the model also incorporates tuberculosis mortality, as well as recurrent 
tuberculosis (the latter including relapse of an existing infection, and exogenous reinfection).

http://www.ijmr.org.in/articles/2019/149/4/images/IndianJMedRes_2019_149_4_517_262877_sm7.pdf
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We also considered the targeting of TB 
interventions. In particular, ‘high-impact risk groups’ 
were defined as population subgroups that bear a 
disproportionate TB burden, while also having sufficient 
contact with the general population, to play an important 
role in TB transmission. These groups may include, for 
example, slum populations or hospital outpatients21. In 
practice, the most appropriate risk groups for a given 
country would depend on many country-level factors, 
including the size and relative burden of TB in a given 
group, as well as the feasibility of targeting such a 
group for intervention. We did not aim to identify these 
groups for each country in the current study. There 
are insufficient data to parameterize each risk factor, 
along with interactions between overlapping factors. 
Instead, an illustrative scenario was adopted, one 
where 10 per cent of the population had three times the 
prevalence of active TB as in the general population. 
This scenario was intended to be illustrative rather than 
prescriptive, and is consistent with, for example, urban 
slums in India21. It was assumed that the concentrated 
burden in this high-impact risk group was mediated 
by an increased risk of reactivation relative to the 
general population, although we also explored other 
potential mechanisms in sensitivity analysis. We 
adopted broad uncertainty around these parameter 
values (Supplementary Table II available from 
http://www.ijmr.org.in/articles/2019/149/4/images/
IndianJMedRes_2019_149_4_517_262877_sm7.pdf), 
while also exploring sensitivity of model findings to 
these assumptions.

Model calibration: Free parameters, calibrated 
separately to each country setting, included the mean 
annual infections per drug-susceptible TB case (β); 
the mean annual infections per DR-TB case (βDR); the 
mean, initial patient delay before first seeking care (d); 
the relative risk of re-activation following infection in 
the ‘high-impact risk group’ compared to the general 
population (m); the proportion of TB cases visiting 
an NTP provider at each care seeking attempt (p) 
and the proportion of TB diagnoses receiving a drug 
susceptibility test (g).

For each country setting, model inputs were 
calibrated to the following data: WHO estimates for 
incidence (all forms of TB) from 2006 to 2015; prevalence 
(all forms) in 2014 (the last year prevalence estimates 
were reported); estimated proportion of incident TB 
disease having DR-TB in 2015; TB notifications 
from 2000 to 2017 and DR-TB notifications from 

2000 to 2017. India, the highest burden country in the 
Region, has also seen an upward revision of TB burden 
estimates22: In this case, prevalence estimates were 
used from pooled subnational prevalence surveys23. In 
addition, Indonesia recently saw a 15 per cent decrease 
in its estimated burden1; we used the most updated 
estimates, published in 20181.

The WHO estimates were used to construct 
independent log-normal distributions for each 
indicator and year. By evaluating the product of these 
likelihood terms, along with independent uniform 
priors for each of the model inputs, the posterior 
distribution for a given set of model inputs was 
evaluated. The Bayesian melding approach16,24,25 was 
used to sample from the posterior distribution. This is a 
systematic way of propagating uncertainty from model 
inputs to outputs. We refer to the uncertainty intervals 
thus obtained as ‘credible intervals’ (CrI).

The WHO estimates suggest that TB incidence and 
mortality have been declining by 1-2 per cent annually 
over the last five years1, ‘background’ trends that 
may arise from a variety of factors including socio-
economic development. These secular trends were 
captured assuming a constant, annual decline in β and 
the per-capita mortality hazard for TB cases. However, 
there is little evidence for how these trends may 
continue in future: when simulating future projections; 
therefore, a range of scenarios was adopted, ranging 
from current trends continuing indefinitely, to a more 
conservative scenario where current trends stabilize by 
2020 (yielding constant β and TB mortality hazard).

Implementing interventions: The interventions listed 
in the Table were modelled, successively adding 
each intervention in a combination strategy. Broadly, 
the interventions were grouped in three categories: 
strengthen, accelerate and prevent. The first of these, 
aimed at coordinating and improving basic TB 
services, focused on diagnostic facilities, private sector 
engagement and improving treatment initiation and 
outcomes. Such interventions are foundational, but 
contingent on a TB patient’s presentation for care.

The ‘accelerate’ package of interventions builds 
on ‘strengthening’ activities and additionally includes 
measures to reach TB cases that have not yet presented 
for care: that is, enhanced case-finding measures 
(although as discussed below, this scenario could also 
include patient-focused mechanisms to encourage 
uptake of TB services). In risk groups, consistent with 
ongoing case-finding activities in some countries of the 
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Region, we assumed sustained, systematic screening 
using mobile diagnostic units to screen for TB, at a 
given annual frequency27. In the general population, 
however, such approaches are not feasible. Instead for 
this population, information was used from recent work 
in Vietnam, which demonstrated the potential value 
of contact investigation, for identifying undiagnosed 
TB28. We modelled an ‘extended contact investigation’ 
scenario, where screening for TB incorporated not only 
household contacts of index TB patients but also social 
and occupational contacts.

Finally under ‘prevent’, interventions building 
on ‘strengthen’ and ‘accelerate’ were considered to 
additionally include population preventive measures. 
At present, the primary tool for TB prevention is 
preventive therapy29. For example, recent WHO 
guidelines recommend that preventive therapy should 
be offered to clinical risk groups, including people 
living with HIV, and household contacts of those 
diagnosed with active TB30. Ongoing modelling 
suggests that although these measures in the SEAR 
could have a meaningful impact on TB burden in 
the Region, these will not be sufficient to meet the 
end TB goals. Therefore, current preventive therapy 

was not explicitly considered in the current work. 
By contrast, a future scenario was considered where 
preventive therapy could be implemented in the 
general population without being constrained to any 
such clinical risk factors (hence the designation as 
‘population’ preventive measures). It was assumed in 
particular that, by 2025, new ‘biomarker’ tools could 
allow the identification of those with TB infection 
who are most likely to develop disease within the 
next two years (that is, a tool for diagnosing ‘incipient 
TB’ in the model illustrated in Fig. 1). Such tools 
together with the ongoing development of shorter, 
more effective regimens that are better suited for mass 
administration31,32 could allow implementation of 
preventive therapy on a population level. This scenario 
is merely illustrative: it is contingent on the coverage 
of biomarker screening, as well as the effectiveness of 
future preventive regimens. To address both in a simple 
way, the ‘effective prevention rate’ was considered, as 
the multiple of these two factors.

It is important to note that this is just one example 
of population prevention, and other approaches may 
offer promise as well: for example, recent findings raise 
hope for a transmission-blocking TB vaccine33, which 

Table. List of interventions modelled
Package Intervention Coverage
Strengthen Private sector engagement Engage with 80% of non‑NTP providers to implement diagnostic tests and 

treatment adherence at same level as in public sector
Improved programmatic 
diagnostics

Accelerated substitution (ultimately 80%) of smear by rapid molecular test, 
for NTP and engaged non‑NTP providers. Involves X‑ray screening followed 
by Xpert confirmation, with 20% receiving Xpert without screening. This 
results in: (i) the probability of diagnosis per patient visit increasing to 95% 
in the NTP/engaged non‑NTP sector, and (ii) 80% of patients receiving a 
first‑line drug susceptibility test at the point of TB diagnosis

Improved programmatic 
treatment cascade

Increase treatment initiation and completion rates in NTP sector (including 
engaged non‑NTP providers) to 95%

Accelerate Systematic screening in risk 
groups

Systematic screening using symptoms and X‑rays in the risk group alone, at 
a given annual frequency

Extended contact investigation 
in the general population

Screen for active TB among extended contacts, including household, social 
and occupationala

Prevent Biomarker‑guided preventive 
therapy

After 2025: systematic biomarker testing at a given annual frequency to 
identify incipient TB (those who would benefit from preventive therapy) and 
initiation on preventive therapyb

These interventions are modelled in combination, added progressively in the order listed here. Both the ‘accelerate’ and ‘prevent’ 
packages involve active detection of TB disease and incipient TB, respectively. aThere is limited evidence for the potential yield of such 
an extended contact definition. Household studies in India suggest that 4‑5% of household contacts of pulmonary TB cases also have 
active TB disease26. If this burden is half as much in extended contacts, and if individuals have on average 10‑20 such contacts, then this 
approach could yield roughly 0.5 additional TB cases for every passively diagnosed case. bThe impact of these measures will depend on 
the numbers of incipient TB cases identified per year, as well as the success of preventive therapy in preventing TB disease. We report 
the ‘effective prevention coverage,’ which is a multiple of both these factors. TB, tuberculosis; NTP, national TB programme
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Fig. 2. Model fits to World Health Organization estimates for incidence and mortality. Shown, for illustration, are the three countries accounting 
for 90 per cent of the population in South-East Asian Region: India (red), Indonesia (green) and Bangladesh (yellow). World Health Organization 
estimates account for recent trends, and it is not clear how these trends may continue in future. We adopted an ‘optimistic’ scenario (black 
curves) in which current trends persist until 2035, and a ‘pessimistic’ scenario in which current trends stabilize by 2020. Panels A and B show 
projections for incidence and mortality, respectively.

BA

given that it featured diagnostic technologies and 
preventive therapy regimens that do not currently 
exist. Taking the programmatic perspective for the 
‘strengthen’ and ‘accelerate’ packages, commodity 
and personnel costs were included, incorporating the 
number of diagnostic tests needed to identify one 
TB case, as well as ‘false positive’ TB, that is, the 
excess cost of treating patients wrongly diagnosed 
as having TB (Supplementary files available from 
http://www.ijmr.org.in/articles/2019/149/4/images/
IndianJMedRes_2019_149_4_517_262877_sm6.pdf). 
In practice, each SEAR country may adopt a different 
mix of interventions depending on local circumstances 
and programmatic experience. In the current study, 
capturing such programme optimization was not 
attempted. 

Results

Fig. 2 shows the model outputs for incidence 
and prevalence for the three highest burden countries 
in the Region, illustrating the best parameter fits 
(black curves) as well as the different scenarios for 
future burden projections (blue and black curves, 
respectively). Although these figures show only the 
best-fitting parameter sets, for clarity, the model 
simulations additionally captured the uncertainty in 
WHO estimates for these epidemiological indicators.

Fig. 3 shows illustrative dynamics for incidence 
and mortality, under the different intervention packages 
described above. The ‘strengthen’ scenario followed the 
levels of coverage shown in the Table. The ‘accelerate’ 

would have a profound impact on TB control in the 
Region. Moreover, undernutrition is an important risk 
factor for TB in South Asia, accounting for one of the 
largest population attributable fractions of TB burden, 
in India34. Therefore, ‘intersectoral approaches’ such 
as nutrition support initiatives could have an important 
population preventive impact35 on TB. At present, all of 
these possibilities are equally untested and hypothetical: 
thus, the example of a biomarker test, which we adopted 
for the present study, remains only an illustrative one.

All interventions were assumed to be implemented 
with a steady (linear) scale-up, over five years starting 
from 2017 with the exception of population preventive 
measures, beginning from 2025.

For the ‘strengthening’ interventions the coverage 
scenarios shown in the Table were assumed, as such 
measures are a necessary foundation for the ‘accelerate’ 
and ‘prevent’ interventions. We then examined what 
levels of coverage were needed for the ‘accelerate’ and 
‘prevent’ interventions, to meet the 2035 end TB goals 
for incidence and mortality. The ‘accelerate’ package 
builds upon the ‘strengthening’ package though these 
are not sequential. Different scenarios were explored 
for the coverage of these interventions in the high-
impact risk group, and in the general population.

Finally, as an indication of the magnitude of 
investment that would be required, the resources 
required for scaling up the implementation of 
currently available tools were estimated. The 
‘prevent’ scenario in the costing was not included, 
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scenario assumed systematic screening in the high-
impact risk group three times a year, along with extended 
contact investigation in the general population. Finally, 
the ‘prevent’ scenario assumed the use of a future 
biomarker test, together with preventive therapy, that 
successfully avertsed half of TB progressions from 
incipient to active disease, per year. 

The ‘strengthen’ package could reduce incidence 
rate by 43 per cent (95% CrI 32.0-49.4%) and TB 
deaths by 52.5 per cent (95% CrI 43.6-64.4%), the 
latter because of improvements in patient outcomes 
as well as reducing transmission. The addition of the 
‘accelerate’ package of interventions increased these 
impacts to 67.3 per cent (95% CrI 65.3%-69.8%) and 
80.9 per cent (95% CrI 77.9-84.7%), respectively. 
Although showing a considerable impact, these 
results suggested that even with the ambitious levels 
of implementation shown here, the end TB goals were 
not reached. It was observed that while such measures 
might be effective at controlling transmission, there is 
ultimately a dominant share of incidence coming from 
remote infection rather than recent transmission. It is 
only with the deployment of primary TB prevention, 
and of TB recurrence, that the end TB goals can 
ultimately be met (Fig. 3). We note that the ‘population 
preventive’ strategy modelled here is assumed to affect 
incipient TB among those recovered from previous TB 
episodes, as well as among new cases.

An accompanying, ingredient-based costing 
analysis (Supplementary files available from http://

www.ijmr.org.in/articles/2019/149/4/images/
IndianJMedRes_2019_149_4_517_262877_sm6.
pdf) suggested that the ‘strengthen’ and ‘accelerate’ 
intervention packages alone would require an 
additional programme investment of at least US$ 25 
billion, between 2017 and 2035, additional to current 
spending. Translated to an annual investment need of 
US$ 1.3 billion, this is more than twice the current 
annual budget for the whole region1. This is likely to 
be a conservative estimate, highlighting the substantial 
increase in investment that is needed in the Region.

These results showed just one illustrative scenario: 
we next explored the levels of coverage needed for 
the ‘accelerate’ and ‘prevent’ packages, scaled up, 
respectively, from 2017 to 2025, concentrating first 
on the numbers of active TB cases and incipient 
TB that were needed to be identified each year. 
Fig. 4 shows the coverage that would be needed in 
the general population. Curves showed the minimum 
required coverages of case-finding (horizontal axis) 
and population prevention (vertical axis), with each 
separate curve representing a different scenario for 
prioritization of the high-impact risk group. Screening 
in the risk group three times a year (green curve) can 
substantially reduce the amount of case-finding needed 
in the general population, compared to a strategy that 
addresses the risk group and the general population 
equally (blue curve). In practice, this would have 
important resource implications, as focused efforts in 
high-burden groups will mitigate the resources needed 

Fig. 3. Epidemic dynamics under different intervention scenarios. Shown are the dynamics aggregated over all 11 South-East Asian Region 
countries. Shaded regions show 95 per cent credible intervals (CrI), arising from uncertainty in input parameters (Table SII) and in potential 
future background trends in tuberculosis burden (illustrated in Fig. 2). The horizontal, dashed lines show the 2035 targets for incidence 
(left-hand panel) and mortality (right-hand panel).
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in the general population, where TB burden is more 
diffuse. However, addressing the risk group alone is not 
sufficient to meet the end TB goals. Moreover, these 
results suggested that under the parameters assumed 
here for the role of the risk group in TB burden there 
could be diminishing returns from screening more than 
three times a year in the risk group (see proximity of 
orange and green curves). Results from an alternative 
model (not shown here), where TB burden in the risk 
group arises not from higher rates of progression 
but from a higher risk of infection than the general 
population showed similar results to those shown in 
Fig. 4.

Discussion

The present work emerges in a context of increasing 
political commitment to end TB in SEAR. Here, a 
mathematical modelling was used which showed that 
ending TB in the Region could only be met through a 
massive mobilization of effort and resources, greatly 
exceeding current levels of TB activity. In particular, 
while there is a need to fix basic TB services (including 
engagement with the private healthcare sector) 
and accelerate TB diagnosis (including increases 
in case-finding), these measures alone will not be 
sufficient to meet the end TB goals. In addition, there is 
a pressing need to invest in the technology required for 
scalable, population-level preventive measures to be 
available by 2025. The Delhi ministerial meeting also 
called for the establishment of a regional ‘Innovation to 
Implementation fund’36, to support sustained research 
into new technologies for TB control in the Region. 

It is also to be noted that the interventions covered 
here are only examples of measures to realize the 
transmission impact of each of the three intervention 
scenarios. For example, the key feature of the 
‘accelerate’ scenario is that it curtails the period of 
infectivity before a patient’s first presentation for care. 
We considered case-finding as one way of realizing 
this impact, yet the same effect might also arise from 
interventions that aim to encourage uptake of TB 
services through social protection mechanisms for TB 
patients. 

Second, current approaches to preventive therapy 
are restricted, by practical necessity, to specific risk 
factors, such as HIV co-infection and household 
contacts. By contrast, for the substantial reductions 
that will be needed in TB transmission before 2035, 
future preventive measures will need to be truly 
‘population-based’, or unrestricted to any specific 
exposure or risk group. Here, as an illustrative example, 
we modelled a scenario where mass preventive therapy 
could be guided by the use of a biomarker tool, to 
identify incipient TB. In practice, it must be noted that 
the implementation of such a prognostic tool would 
carry its own challenges, involving testing in the 
general community, for a condition having less than 
one per cent prevalence. The specificity of such a test 
will therefore, be paramount, whether implemented 
alone or as part of a triage/confirmation algorithm. In 
addition, the delivery technology for the biomarker test 
would be critical in its implementation: for example, 
a point-of-care ‘fingerprick’ test could be deployed in 
primary care settings, not just for detecting incipient 

Fig. 4. Minimum coverage levels for meeting the end tuberculosis goals by 2035. The x-axis denotes the proportion of TB in the general 
group that is detected per year, while the y-axis denotes the proportion of incipient TB that is successfully diagnosed and treated in the general 
population, each year. Each curve represents a different scenario for the coverage of case-finding and population prevention in the risk group. 
For example, yellow curves involve, as well as full implementation of the ‘strengthen’ package, additionally the risk group being screened 
five times a year for active disease, and (after 2025) for ‘incipient’ disease. The Figure illustrates that focused interventions in the risk group 
can significantly lower the coverage needed in the general population. However, there is limited incremental benefit to be gained, between 
screening 3 or 5 times a year in the risk group (comparing green and yellow lines).
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TB but also as part of routine screening for other 
conditions including diabetes. On the other hand, as 
illustrated in Fig. 4, where such a test is intensively 
implemented in high-burden settings such as urban 
slums, this could mitigate its required coverage in the 
rest of the population.

Our findings for the impact of the ‘prevent’ 
intervention scenario would apply to any primary 
prevention measure that is deployable on a population 
level, in addition to currently recommended strategies. A 
primary example is an effective transmission-blocking 
vaccine, which could have even more profound 
implications for TB control33. Importantly, prevention 
need not be limited to biomedical tools; as discussed 
above, the impact of ‘multisectoral approaches’ aimed 
at addressing the determinants of TB, including 
poverty, diabetes and undernutrition may have an 
equally important effect on TB prevention. There is a 
pressing need for further evidence on such approaches 
in South-Asian settings.

As with any transmission model, this framework has 
some limitations. The model is nationally aggregated 
and thus does not address subnational heterogeneities, 
beyond high-impact risk groups. For simplicity, it 
was not aimed to capture certain secular trends in 
the Region, such as rapidly growing urbanization; a 
changing demography (namely an ageing population) 
and an increase in comorbidities such as diabetes. 
Further, different forms of TB were not distinguished, 
thus averaging over bacteriologically confirmed and 
clinically diagnosed, pulmonary and extrapulmonary 
TB. It was also assumed that all non-NTP providers 
involved in ‘private sector engagement’ were 
successfully trained to improve their standards of TB 
care. While initiatives in India have shown notable 
increases in notifications from the private sector, there 
is also an increasing body of evidence on the approaches 
that work best in engaging effectively with healthcare 
providers in the private sector37. More broadly, illustrative 
scenarios for ‘high-impact risk groups’ were adopted, 
noting that the purpose of this element in the model was 
to be illustrative, rather than prescriptive. In particular, 
assumptions were made for two important parameters, 
the size and relative risk of TB in the risk group. An 
important question for future work is, for a given 
country setting, the values of these parameters specific 
to different risk groups. With ongoing case-finding 
efforts in India and elsewhere, data from these activities 
will be invaluable in addressing this important data 
gap. We have assumed efficient implementation and 

scale-up of TB services, whereas in practice, it is 
likely that challenges with recruitment, management, 
procurement and other issues would increase the costs 
of the activities that we have modelled. Moreover, the 
largest overall incremental costs are associated with 
active case-finding and preventive measures. There 
are limited studies on which these resource needs are 
based, and the cost per case found is likely to increase 
as prevalence declines, thus expanding overall resource 
needs. Further research is needed to better define active 
and preventive models and their costs. In this cost 
analysis, the potential for overlapping costs between 
different activities was ignored, for example, the fact 
that human resources needed to support the ‘strengthen’ 
package may also be able to support the ‘accelerate’ 
package of interventions.

Finally, we simulated declines in TB burden that 
have not previously been recorded on such a scale as in 
the SEAR. To some extent, this is because we simulated 
interventions at a scale that is equally unprecedented. 
A seminal study in Alaskan communities in the 1970s 
demonstrated that rapid declines in TB could indeed 
be achieved with population-based treatment of latent 
TB infection38. As discussed above, however, to be 
replicated on the scale considered here, there is a need 
for mass preventive measures to be more targeted. 
In another example, while TB mortality in Western 
Europe declined up to 10 per cent per year in the early 
1900s, this largely predated the availability of TB 
chemotherapy39. Perhaps the most important similarity 
with modern-day SEAR is that much of TB incidence 
likely comes from recent transmission. In this respect, 
currently available tools for early detection and effective 
treatment would indeed be expected to yield more rapid 
declines in TB incidence than have previously been 
observed. It is important to note the limitations inherent 
in modelling at such levels of scale: for example, in 
modelling the ‘accelerate’ package of interventions, we 
have assumed that case-finding efforts can reduce the 
delay to diagnosis. Although plausible, as case-finding 
would tend to interrupt the initial ‘patient delay’, 
there remains a lack of systematic evidence for this 
impact40. In future, there is a pressing need to address 
these evidence gaps, for the potential transmission 
impact of interventions at scale. Such studies could be 
facilitated if coupled with existing surveillance efforts 
(for example, studying the transmission impact of TB 
prevalence surveys).

In conclusion, our overall findings show that 
strengthening systems is a critical foundation for 
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meeting the end TB goals in the SEAR; additional 
declines in TB incidence will require substantial 
acceleration in case-finding and that TB elimination 
will ultimately depend on population-level prevention. 
Achieving these impacts calls for a shift in the TB 
response in the Region: not only in funding and 
research effort but also in the ambitious scale at which 
currently available tools need to be deployed.
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Supplementary Table I. List of state variables used in the model
Symbol Meaning
q Indicator variable for provider type: q = 0, 1 and 2, respectively, for NTP providers, non‑NTP providers and 

‘engaged’ non‑NTP providers, respectively
r Indicator variable for risk group: r = 0 and 1, respectively, for the general population and the ‘vulnerable’ group
s Indicator variable for strain: s = 0 and 1, respectively, for DS‑ and DR‑TB
Ur Proportion uninfected in risk group r
Lrs Proportion in group r having latent infection with strain s
Mrs Proportion in group r having incipient TB with strain s
Irs Proportion in group r having active disease with strain s, that has not yet presented for care
Dqrs Proportion in group r awaiting diagnosis with provider type q
Fqrs Proportion in group r undergoing first‑line TB treatment with provider type q
Sqrs Proportion in group r undergoing second‑line TB treatment with provider type q
Brs Proportion who have temporarily dropped out of care cascade
NTP, national TB programme; TB, tuberculosis; DR, drug resistance; DS, drug‑sensitive
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